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^^The  VUV -emission  from  6061-T6  aluminum  targets,  exposed  to  an  intense  focused  electron 
beam,  and  ions  accelerated  to  the  diode  potential  were  examined  to  s^dy  the  electron  absorption 
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and  a near  normal  incidence  grating  spectrograph.  Carbon  ions  were  observed  with  a Thomson  mass 
spectrograph  and  their  charge  state  used  to  estimate  the  anode  plasma  temperature.  The  VUV-  — 
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Abstract  (Continued) 

> emission  and  carbon  charge  states  observed  are  consistent  with  classical  electron  deposition  and 
Indicate  an  anode  surface  temperature  of  a few  eV  with  the  peak  temperature  occurring  at  the 
time  of  impedance  collapse 


AN  INVESTIGATION  OF  10l2\v/cm2  FOCUSED  REB 
DEPOSITION  OF  THICK  ALUMINL^I  TARGETS 


Recently  the  concept  of  using  a pulsed  relativistic  electron 
beam^’^  to  implode  and  ignite  a thermonuclear  fusion  pellet  has 
received  considerable  attention  as  an  alternative  to  the  use  of  a 
laser.  This  approach  would  be  considerably  enhanced  if  the  electron 
range  could  be  shortened  by  anomalous  absorption  processes,  such  as 
enhanced  deposition  in  the  anode  blow-off  material  due  to  self -magnetic 
field  penetration^  or  increased  coupling  due  to  beam-plasma  instabili- 
ties®*^. Analysis  of  REB-induced  shock  waves  in  aluminum  targets^ 
indicated  that  electron  deposition  is  consistent  with  classical 
processes  for  electron  beam  power  levels  of  approximately  lO^'^  w/cm®. 
Here  we  exaunine  the  electron  absorption  mechanism  at  somewhat  higher 
power  levels  by  measuring  the  VUV-  ajid  ion  emission  from  thick 
aluminum  targets  under  the  influence  of  a high  intensity  focused 
relativistic  electron  beam.  The  data  obtained  demonstrate  that  time 
integrated  spectrographic  data  must  be  analyzed  with  extreme  care 
because  of  the  preponderant  amount  of  VUV-emlssion  during  the  diode 
impedance  collapse.  It  is  al.so  shown  that  at  power  levels  up  to 
approximately  10^®  w/cm®  the  VUV-emission  is  consistent  xrtth  classical 
absorption  processes. 

Note:  Maniucript  submitted  May  10,  1977. 


Data  were  obtained  with  the  Naval  Research  Laboratory  Gamble  II 
venerator'",  which  supplied  an  electrical  pulse  of  60  nsec  duration  with 
peak  corrected  voltage  of  1.2  MV  and  current  of  0.6  MA.  The  generator 
•was  operated  in  reverse  (positive)  polarity  which  allowed  convenient 
access  to  the  electron  beam  target  (anode)  for  diagnostic  purposes. 

The  diode  used  is  shown  in  Fig.  1 along  with  a schematic  of  the  diag- 
nostics used.  The  diode  utilized  a 5°  tapered  cathode  with  Uo  mm  inside 
diameter,  8o  mm  outside  diameter  and  2.7  mm  gap  between  the  cathode 
inside  edge  and  anode.  The  planar  anodes  used  were  1.6  cm  thick 
6o61-T6  aluminum. 

The  VUV-radiation  diagnostics  consisted  of  an  array  of  three 
aluminum  cathode  x-ray  diodes^  (XRD's)  which  yielded  the  time  resolved 
VUV -emission  in  three  proton  energy  bands  and  a McPherson  Model  225 
near  normal  incidence  spectrograph  which  observed  the  time  integrated 
spectrum.  The  spectrograph  recorded  emission  between  k and  12  eV,  on 
Kodak  101-01  film,  with  a wavelength  window  of  6o  nm  for  an  individual 
data  shot.  The  XRD's  were  sensitive  from  approximately  5 to  25  eV 
when  unfiltered,  20  to  8o  eV  when  filtered  by  ^ yjn  aliiminum,  and  150 
to  280  eV  when  filtered  by  2 um  polycarbonate  (Kimfol).  Because  the 
focused  electron  beam  anode  was  viewed  by  the  XRD's  at  ground  potential, 
copious  quantities  of  ions  were  accelerated  into  the  detectors.  These 
were  separated  fran  the  VUV-radiation  by  locating  the  detectors  at 
172  and  272  cm  from  the  anode  and  utilizing  time  of  flight  discrimina- 
tion or  magnetic  field  deflection.  The  25  nm  diameter  XRD's  observed 
the  anode  through  a series  of  baffles  which  allowed  a 12  or  25  mm 
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diameter  field  of  view.  Some  data  were  taken  also  with  a 25  nim  inside 
diameter  cathode  to  allow  obsejr/ation  of  VUV-emission  from  the  anode 
near  the  cathode.  The  XED's  and  spectrograph  viewed  the  pinched  beam 
anode  at  l6o°  to  the  beam  axis.  Beam  target  x-radiation  ’rfas  viewed  at 
lfcO°  with  a time  integrated  pinhole  camera  and  as  a function  of  radial 
distance,  R,  using  silicon  PIN  diodes  collimated  to  view  a 5 nim  diame- 
ter area  of  the  anode. 

The  ions  accelerated  across  the  diode  potential  were  observed  with 
a Thomson  mass  spectrograph.  This  device  utilizes  parallel  electric 
and  magnetic  fields  ^ disperse  the  ions  in  orthogonal  directions  pro- 
portional to  charge/energy  and  charge/moment\im,  respectively.  The 
various  charge  and  mass  species  are  observed  along  psurabolic  curves  at 
the  film  plane  depending  upon  ion  energy.  Cross  sectional  views  of  the 
spectrograph  are  shown  in  Fig.  2 along  with  the  parabolic  curves  for 
proton,  deuterium,  and  certain  carbon  and  alumimmi  charge  species. 

Data  were  acquired  on  Kodak  101-01  film  which  was  mounted  in  the 
spectrograph  without  a window.  Visible  emission  from  a corona  dis- 
charge across  the  electric  field  plates  severely  fogged  the  film  when 
hot  gases  from  each  data  shot  entered  the  spectrograph  if  the  electric 
field  remained  on.  Therefore,  a thyrotron  clamping  circuit  was  used 
to  turn  off  the  2,2  kV  bias  voltage  3 usee  after  each  shot.  The 
spectrograph  utilized  a magnetic  field  of  900  G and  was  mounted  aJ.ong 
the  electron  beam  diode  axis  with  entrance  aperture  20  cm  from  the 
anode . 

Generator  output  waveforms  from  shot  1309  are  shown  in  Fig.  5 
which  represent  approximately  20  kJ  of  electrical  energy  coupled  to 
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the  diode.  This  pulse  typically  produced  hemispherical  craters  15  nim 
in  diameter  and  10  mm  deep  within  2 ram  of  the  center  of  the  aluminum 
anode.  Unless  denoted  other^'ise  all  data  presented  in  the  figures  of 
this  report  were  obtained  from  shot  1509.  The  damage  pattern  upon  the 
1 cm  thick  anode  used  for  this  shot  is  shown  in  Fig.  Collimated  PIN 
diode  data  taken  at  R = 0 and  1 cm,  shown  below  the  electrical  output 
data  in  Fig.  5>  indicate  that  the  hollow  electron  current  sheath 
coalesces®  into  a focused  beam  at  approximately  10  nsec  after  current 
initiation.  The  PIN  diode  data  shown  were  taken  on  electrically 
similar  shot  1519  because  of  the  necessity  to  remove  the  Thomson  spectro- 
graph to  acquire  these  data.  These  data,  when  combined  with  the  time 
integrated  pinhole  photographs  indicate  a typical  current  density  pro- 
file during  the  steady  pinch  phase  of  approximately 

J(R)  = 1.0  MA/cm^,  R < 2.7  ran 

J(R)  = 1.0  ™ MA/cm^,  R a 2.7  ran. 

This  current  density  profile  is  similar  in  shape  to  that  obtained®  on 
the  Gamble  I generator  at  a diode  current  of  0.25  MA.  although  the 
absolute  value  is  approximately  twice  as  large  because  of  the  larger 
diode  ctirrent  used  here.  As  with  the  Gamble  I data  no  correction  has 
been  made  for  the  ion  current  which  could  reduce  the  above  electron 
current  density  by  10  to  20^,  Corrections  to  the  observed  brems- 
strahl'ung  profile  are  necessary®  when  a generator  is  operated  in  nega- 
tive polarity  because  of  on -axis  peaking  of  the  bremsstrahlung.  Such 
corrections  were  not  made  here  because  of  the  relative  flatness  of  the 
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brerasstrahlung  an/jiular  distribution  between  l'*0  and  l8o°  even  for  Icr^^- 
Z targets. 


The  output  signal  from  the  aluminum  XRD  filtered  by  a ^ urn 
aluminimi  •.■ri.ndow  is  also  shown  in  Fig.  5»  time  correlated  with  the  diode 
electrical  input  and  collimated  PIN  data.  This  signal  is  typical  of 
those  observed  with  a 12  mm  field  of  view  and  represents  approximately 
1.5  J of  VUV-emission  between  20  and  8o  eV.  The  signals  were  observed 
to  rise  slowly  during  the  steady  state  pinch  phase  and  then  to  Jump  up 
drastically  during  the  impedance  collapse  phase.  The  data  obtained 
with  this  filter-detector  combination  but  with  a 25  mm  field  of  view 
showed  little  or  no  increase  in  the  signal  during  the  steady  state 
pinch  phase.  However,  the  large  signal  during  impedance  collapse 
increased  proportional  to  the  area  of  the  anode  viewed  and  did  not 
decay  in  time  as  rapidly  when  the  inner  edge  of  the  cathode  was  viewed. 
These  data  correlate  with  collimated  PIN  data  off-axis  (Fig.  3)  which 
show  the  late  time  electron  beam  defocusing  that  would  indicate  energy 
deposition  near  the  cathode  inside  diameter.  The  XRD's  filtered  by 


2 tim  Kimfol  showed  only  a small  signal,  corresponding  to  approximately 
0.1  J between  150  and  28o  eV  on  some  shots,  which  also  occurred  when 
the  generator  voltage  approached  zero.  This  signal  was  quite  irrepro- 
ducible  and  therefore  not  considered  a useful  diagnostic.  However, 


time  interaction  of  the  short  circuit  current  and  the  plasma  filling  the 
1 iCKie . 

A densitometer  trace  from  the  spectrum  in  the  energy  range  from  8 
to  12  eV  obtained  from  shot  1'509  is  shown  in  Fig.  5-  The  spectrum  con- 
tains emission  and  absorption  lines  superimposed  upon  the  continuum. 

The  strongest  emission  lines  are  due  to  carbon,  nitrogen,  oxygen,  and 
silicon,  which  are  present  in  the  diffusion  piunp  oil  and  gases  absorbed 
upon  the  anode  surface.  The  anodes  were  cleaned  with  alcohol  before 
each  data  shot  but  were  not  heat  treated  under  vacuum.  Emission  from 
three -electron  io  carbon,  nitrogen  and  oxygen  is  very  intense  which 

implies  a tenr  -o  20  eV  for  a plasma  in  thermal  equilibrium. 

It  is  assumed  that  such  ions  are  formed  and  excited  in  the  low  density 
region  near  the  front  of  the  anode  plasma  where  electron  return  currents 
exist.  The  absorption  spectrum  is  also  primarily  due  to  carbon, 
although  lines  from  hydrogen,  nitrogen,  and  oxygen  appear.  The  spectra 
obtained  in  the  energy  range  from  ^4-  to  8 eV  was  composed  almost  en- 
tirely of  continuum  and  deep  absorption  lines  from  these  elements.  The 
source  of  this  material  is  not  known  for  certain,  but  probably  is  also 
due  to  absorbed  gases  and  hydrocarbons  emitted  from  the  anode  during 
the  primary  electrical  pulse.  The  continunn  radiation  falls  off  with 
increasing  photon  energy  primarily  because  of  the  declining  response 
of  the  grating  near  12  eV.  The  grating  response  has  not  been  cali- 
brated at  these  energies,  therefore,  it  is  not  possible  to  obtain  a 
reliable  limit  on  the  temperature  of  the  dense  plasma  from  the  contin- 
uum observed. 
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A limited  amount  of  lata  were  obtained  vdth  different  atomic  n’um- 


ber anodes  which  indicate  an  increase  in  the  continuum  '/U^/ -emission  vrlth 
increasing  atomic  number.  Similar  increases  were  observed  for  the  sig- 
nals recorded  by  the  XRD  which  was  filtered  by  i urn  aluminum.  These 
obser^/ations  are  consistent  with  increased  emission  due  to,  radiation 
rate  changes  ’-/ith  atomic  number,  or  the  higher  temperatures  expected 
for  higher  atomic  number  anode  materials.  It  is  remarkable  that  ther- 
mal line  radiation  characteristic  of  the  anode  is  essentially  absent. 
Apparently  this  emission  is  absorbed  by  the  anode  blow-off  plasma, 
which  requires  an  area  density  of  > 10^®  carbon  atoms/ cm^,  or  the 
anode  radiates  as  a blackbody.  It  was  noted  that  the  peak  emission 
detected  by  the  XRD  filtered  by  i am  aluminum  (Fig.  3)  was  consistent 
in  absolute  magnitude  with  a 5 eV  blackbody  radiation  source.  This  was 
determined  by  taking  the  product  of  the  detector  response  and  a 5 eV 
blackbody  spectrum  for  the  12  mm  diameter  surface  area  observed. 

The  Thomson  spectrograph  data  from  shot  1509  are  shown  in  Fig.  6. 
The  data  demonstrate  that  the  primary  ion  current  in  the  diode  is  in 
the  form  of  protons.  However  the  carbon  and  naturally  abundant  deute- 
rium spectra  can  be  seen  when  the  proton  signal  is  overexposed  as  in 
Fig.  6.  The  bright  region  of  the  proton  spectrum  is  highly  over- 
exposed and  indicates  expansion  of  the  collimated  ion  beam  due  to 
space  charge  effects  or  scattering  from  residual  gases  in  the  spectro- 
graph. The  device  was  pumped  via  a vacu\un  line  which  by -passed  the 
entrance  apertures  but  the  region  between  apertures  was  evacuated  only 
through  small  p\amp-out  ports  which  by-passed  the  apertures  on  this 
shot.  These  ports  allowed  aluminum  debris  to  enter  the  spectrograph 
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and  lodge  upon  the  film,  as  is  evidenced  by  the  many  v/hite  spots  upon 
the  photograph  in  Fig.  C.  This  problem  could  be  severe  if  a channel- 
tron  plate  were  used  in  place  of  the  photographic  film  to  detect  the 
ions  because  even  '.irithout  pump-out  port  around  the  apertures  some  debris 
•.'.•ill  pass  thrc  ;gh  the  apertures.  The  data  shcavn  in  Fig.  7 were  obtained 
with  a brass  anode,  but  without  pump-out  ports,  and  represent  a clean 
spectra.  Hovrever,  approximately  6 MeV  carbon  are  evident  because  of 
carbon  6"^  ions  which  after  acceleration  across  the  diode  potential  have 
undergone  charge  exchange  in  the  region  between  the  apertures.  This 
problem  will  be  solved  in  future  experiments  by  pumping  aill  regions  of 
the  spectrograph  with  adequate  lines. 

The  mass  spectrograph  data  from  these  and  other  shots  indicate  a 

-I-  . + 

prevalence  of  carbon  3 and  4 ions.  This  requires  an  anode  plasma 
temperature  of  approximately  8 eV  for  coronal  equilibriim.  This  cri- 
terion would  be  valid  at  the  leading  edge  of  the  anode  plasma  where  the 
density  is  very  low  (approximately  10^^  cm“^)  but  where  electric  field 
penetration  would  exist  and  ions  could  be  accelerated  by  the  electric 
field. 

An  estimate  of  the  surface  temperature  of  the  aluminum  anode  was 
also  obtained,  as  a function  of  time,  assiaming  classical  absorption  for 
a normally  incident  electron  beam  upon  aluminum.  This  gives  a lower 
limit  to  the  surface  temperature,  because  the  average  electron  angle  of 
incidence  has  been  shown  to  be  s k0°  for  a similar  diode  geometry®. 

The  temperature  was  obtained  from  the  relation 
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and  the  calculated  ’/alue  is  shown  along  with  the  aluminum  XRD  signal  in 
Fig.  *.  In  this  relationship  F is  the  ratio  between  the  temp' > at'ore  of 
the  anode  surface  plasma  and -the  energy  absorbed  per  atom,  here  taken 
to  be  0.1^'^;  A is  the  area  over  which  the  electron  beam  is  incident;  V 
is  the  electron  beam  energy  shown  in  Fig.  2;  I is  the  electron  current; 
and  E is  the  energy  absorbed,  per  atom,  at  the  surface  of  the  anode  for 
a 'unit  energy  fluence.  The  value  of  A was  taken  to  1 cm^,  the  equiva- 
lence of  calc’ulating  the  deposition  at  the  half -maximum  of  the  radial 
current  profile  specified  above,  and  E was  taken  from  published  calcula- 
tions^^ of  the  classical  electron  profile.  The  calculated  temperature 
rises  at  a slow  constant  rate  during  the  steady  state  pinch  phase  but 
very  rapidly  during  the  final  stages  of  the  electrical  generator  pulse 
when  the  impedance  collapses.  This  phenomenon  occurs  because  of  the 
great  increase  in  the  electron  stopping  power  with  decrease  in  electron 
energy  and  is  indicative  of  heacing  only  a small  amount  of  material 
very  close  to  the  surface  of  the  anode. 

The  disagreements  between  the  temperatures  indicated  by  the 
absolute  magnitude  of  XRD  signal,  and  VUV  spectrograph,  and  Thomson 
spectrograph,  and  the  electron  deposition  calculation  are  only  plus  or 
minus  factor  of  two  and  not  inconsistent  with  a temperature  variation 
between  the  s\irface  of  the  anode  and  leading  edge  of  the  anode  plasma. 
Tae  calculated  temperature  is  the  lowest  in  value  but  extremely 
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conservative  anl  only  applies  to  the  s'orface  of  the  anode.  This  ternper- 
ature  is  e.'TOerimentallj’'  varified  only  in  an  indirect  vay  by  the  absolute 
magnitude  of  the  XRD  signal.  The  Thomson  spectrograph  probes  the 
leading  edge  of  the  anode  plasma  during  the  steady  state  pinch  phase  and 
gives  the  next  highest  temperature  of  8 eV.  Finally  the  time  integrated 
'AT/  spectrograph  samples  the  late  time  impedance  collapse  and  the  radia- 
tion from  three  electron  carbon  ions  observed  indicates  a temperature  of 
approximately  20  eV  in  a low  density  optically  thin  plasma. 

It  is  concluded  that  the  ten5>erature  of  the  anode  and  anode  plasma 
varies  in  both  space  and  time  throughout  the  electron  beam  pulse. 

Since  the  diagnostics  used  cannot  specify  the  anode  or  anode  plasma 
temperature  to  much  better  than  a factor  of  two  the  experimental  lata 
obtained  appear  consistent  and  indicate  temperatures  of  a few  eV. 

Because  temperatures  of  many  tens  or  hundreds  of  eV  were  not  observed 
the  electron  absorption  mechanism  in  the  aluminum  anode  is  assumed  to 
primarily  classical. 

Helpful  discussions  with  Shyke  A.  Goldstein,  G.  Cooperstein,  and 
D.  Mosher  are  acknowledged  with  pleasure. 
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Fig.  3 — (Top)  Diode  voltage  (V)  and  current  (I)  from  shot  1309. 
The  voltage  has  been  corrected  for  inductive  contribution.  (Center) 
Measured  x-radiation  signals  for  shot  1319  from  collimated  PIN  diodes 
observing  a 5 mm  diameter  area  of  the  anode  at  r ■*  0 and  1 cm. 
(Bottom)  Observed  signal  for  shot  1309  from  an  aluminum  XRD  fil- 
tered by  1/2  Atm  aluminum  which  views  a 1.2  cm  diameter  area  in  the 
center  of  the  anode.  The  dashed  curve  represents  a calculated  anode 
surface  teipperature  for  the  measured  electron  beam  parameters, 
assuming  normally  incident  electrons,  classically  absorbed  by  a 1 cm 
diameter  aluminum  target. 
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Fig.  5 — Densitometer  trace  of  the  spectrum  obtained  from  shot  1309. 
Emission  lines  are  from  the  ions  indicated  above  the  trace.  Some  ab- 
sorption lines  for  ground  state  atoms  are  identified  below  the  trace. 
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Fif{.  6 — The  Thomson  mass  spectrofO'aph  data  from  shot  1309 
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Fig.  7 — The  Thomson  mass  spectrograph  data  from  shot  1317 
obtained  with  a tirass  anode 
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